Abstract: In certain models of a QCD axion, finite density corrections to the axion potential can result in the axion being sourced by large dense objects. There are a variety of ways to test this phenomenon, but perhaps the most surprising effect is that the axion can mediate forces between neutron stars that can be as strong as gravity. These forces can be attractive or repulsive and their presence can be detected by Advanced LIGO observations of neutron star inspirals. By a numerical coincidence, axion forces between neutron stars with gravitational strength naturally have an associated length scale of tens of kilometers or longer, similar to that of a neutron star. Future observations of neutron star mergers in Advanced LIGO can probe many orders of magnitude of axion parameter space. Because the axion is only sourced by large dense objects, the axion force evades fifth force constraints. We also outline several other ways to probe this phenomenon using electromagnetic signals associated with compact objects.
Introduction
Advanced LIGO recently discovered gravitational waves (GW) from black hole mergers [1] [2] [3] . As various upgrades come online, this discovery will soon turn into a torrent of new data on merging black holes and hopefully neutron stars, which will likely reveal new and exciting phenomena. In this paper, we discuss how neutron star mergers as well as other astrophysical processes can be used to constrain various theories of QCD axions.
The QCD axion [4] [5] [6] [7] was originally introduced as a solution to the strong CP problem and is one of the most minimal solutions. The strong CP problem is the question why the neutron electric dipole moment (eDM) is so small. The neutron eDM is proportional to
where θ is the QCD theta angle and Y u,d are the up and down type Yukawas, respectively. From limits on the neutron eDM, it is known that θ 10 −10 [8] . This bound is particularly confusing given that various elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix have been measured to have a large complex phase. The axion solution to the strong CP problem consists of adding a new particle a with the coupling
where g s is the strong coupling constant, G µν is the gluon field strength andG µν = 1 2 µνρσ G ρσ . The above coupling dynamically sets the neutron eDM to zero. At low energies, the axion obtains a potential, with a period of 2πf a , from the coupling to gluons [9] V ≈ −m Other contributions to the axion potential can be simply added to obtain the total axion potential.
Various experiments have been proposed to search for the QCD axion and axion like particles (ALPs) through its couplings to nucleons [10] [11] [12] , electrons and photons [13] [14] [15] [16] [17] [18] . Many constraints on the axion parameter space have since been obtained through both direct measurement with ground-based experiments [19] [20] [21] as well as indirect measurement of energy loss and energy transport in various astrophysical objects, for instance, SN1987 [22] (see the axion chapter in [23] and references therein for more details).
In this paper, we will consider a type of QCD axion that couples to nuclear matter and has a mass that is smaller than expected from equation 1.3 , which the CASPER experiment [10, 11] is searching for and which is discussed in [24] . Therefore, we are considering a QCD axion whose potential is 1
These axions are lighter than expected by a factor of √ and necessarily have f a 4×10 8 GeV [22] due to supernova cooling arguments. This translates to a mass m a √ 16 meV or 1/m a 10 −8 km/ √ . Surprisingly, these types of QCD axions can mediate large forces between neutron stars that are not excluded by current fifth force measurements. Not only that, but the more weakly coupled the axion is, the stronger the force becomes! As an illustration, consider a non-relativistic gas of neutrons and protons. The finite density corrections to equation 1.4 are reviewed in appendix A. The finite density potential for the axion is 5) with 6) where n N is the number density of nucleons. In this equation, and for the rest of the discussion, we make the simplifying approximation m u ≈ m d . In vacuum, the axion has a positive mass and is stabilized at the origin. The situation is very different at finite densities where the coefficient of the cosine can switch sign and the axion is, instead, stabilized around a/f a ≈ π. Because 1, the axion potential can change sign while perturbation theory is still valid. There is no need to appeal to deconfinement or any other non-perturbative phenomenon that may occur at high densities. In practice, the neutron star is dense enough that higher order terms might be important. Since σ N ∼ 59 MeV [25] , if one takes a solar mass neutron star with a radius of 10 km, then the expansion parameter is 0.4, potentially beyond the regime where the leading order term is an accurate account of the whole correction. 2 Therefore, throughout this paper, we will only consider parameter space where ≤ 0.1.
The change in sign of the axion potential at high densities allows the axion to be sourced by objects with near nuclear densities, and if we allow for an even more tuned axion mass, less dense objects as well. There are two objects with such densities in the universe: neutron stars and nuclei. An energetics argument shows why neutron stars can source axions while nuclei do not. To see if the a = 0 solution is unstable to perturbations, we can simply compare the gradient energy required to move the axion away from zero (f 2 a /r 2 ) with the gain in potential energy
Only when the gain in potential energy outweighs the gradient energy does the axion get sourced. We estimate that the axion is sourced if the neutron star is larger than
where m T is the tachyonic mass of the axion inside the neutron star or nuclei. Because we have restricted ourselves to the case where ≤ 0.1, we are in the situation where m T m a in a neutron star. Due to supernova bounds, we are required to have r crit 10 −8 km = 10 10 fm. Thus nuclei are too small to source the axion, while neutron stars can do so with ease. This allows one to avoid fifth force constraints as they are all experiments performed using objects which cannot source the axion in this way. The more weakly coupled the axion is (the larger f a ), the more it is displaced in field space. The greater the displacement, the larger the gradient energy is. Thus we are surprised to find that the more weakly coupled the axion, the stronger the force it mediates! Conversely, using equation 1.7 we see that the more weakly coupled the axion, the larger and denser the object needs to be to source the axion. In section 2, we will show that under certain assumptions, analytic expressions for the force can be derived. The force is a standard Yukawa force with an effective charge of order 4πf a r NS where r NS is the radius of the neutron star. We will also show that neutron stars can have one of two opposite axion field values on the surface. These neutron stars are analogous to conductors with constant positive and negative potentials in classical electromagnetism, and can have both attractive and repulsive axion forces between them, depending on whether the two neutron stars in a binary have the same or opposite field values, respectively. This is in contrast to ordinary scalars and pseudo-scalars which usually mediate attractive forces.
There is an interesting numerical coincidence when considering axion forces. In order for the force to be observable, we will be considering axion forces comparable to gravity. This means that f a ∼ M p . Amusingly, for this value of the mass, we find that 1/m a ∼ 10 km/ √ . Thus the force is naturally already of order 10 km or longer. The less tuned the axion mass, the closer the inverse of the mass is to being around 10 km. This coincidence is also a double-edged sword as the requirement that neutron stars be larger than the critical radius implies that the axion force also cannot be much stronger than gravity, as 10 km is already the size of the neutron star.
Having a new force between neutrons stars is exciting because Advanced LIGO has the potential to detect neutron star mergers and can probe new forces between neutron stars. The fact that the new force has an associated length scale means that at distances ∼ 1/m a , the frequency of orbit and therefore the frequency of the emitted gravitational waves will change. 3 When the frequency of rotation becomes larger than m a , then scalar Larmor radiation can occur and therefore the rate of change of the frequency of the gravitational waves will change. These two physical effects will be the main observable consequence at Advanced LIGO. A more drastic effect occurs when the axion force is stronger than gravity and is repulsive. In this case, the neutron stars do not merge and instead come to rest at a fixed distance apart from each other. The waveform of the gravitational wave emitted in this case has features very different from a merger waveform. This paper is organized as follows. Section 2 demonstrates that dense objects can source axions, and discusses the analytic calculation of the force between two neutron stars in various limits. Section 3 provides barebones estimates of how a new force between neutron stars would manifest itself at Advanced LIGO. Section 4 supplies some constraints on these models coming from other processes. Finally, we conclude in section 5.
Force between neutron stars
In this section, we will calculate the strength of the axion force between two neutron stars compared to gravity. The first step is to consider the case of a single neutron star in isolation. For simplicity, we model the neutron star as a constant density object such that the equation of motion for the axion is
where m a = m π f π √ /2f a is the mass of the axion outside the neutron star,
− /2f a is the tachyonic mass of the axion inside the neutron star, r NS is the radius of the neutron star and the sign function is needed to implement the fact that the potential contains an absolute value. As argued in the Introduction, comparing the gradient energy with the potential energy shows that only when r NS 1/m T does the neutron star source an axion field. As seen The resulting data points were fitted to a smooth curve. There is clearly a phase transition where only at a particular radius does the neutron star start to source the axion.
in figure 1 , a phase transition around r NS ∼ 1 occurs rather robustly and is only mildly sensitive to the value of m 2 a /m 2 T . Small values of r NS do not source the axion while large values do. The profile shown in figure 1 is insensitive to the axion profile assumed as the initial condition of time evolution.
Outside the neutron star, the axion potential is roughly V ≈ m 2 a a 2 /2. In this limit, one can see that the only solution for the fall off of the axion field is a = q eff e −mar /r. The axion falls off like any other massive Yukawa interaction with an effective coupling q eff ∼ 4πf a r NS . Thus one can view a neutron star as a boundary condition where the vacuum expectation value (vev) of the axion is set to be ∼ f a .
There are several cases where explicit analytic expressions for the forces between neutron stars can be calculated. The simplest example of such an effect is in the limit where
where D is the distance between the neutron stars. The axion mass can be neglected and the neutron stars can be treated as point-like axion source. In this limit, the axion field sourced by a pair of neutron stars is
where the two neutron stars have effective charges q 1,2 ∼ 4πf a r NS , positions r 1,2 and we have imposed that the axion field falls off to zero at infinity. The potential energy between the two neutron stars is therefore the potential of two point charges with equivalent charge q 1 and q 2
3)
where D = |r 1 − r 2 |. Thus an inverse-square-law force pulls the two neutron stars closer (farther) in the case where q 1 q 2 > 0 (q 1 q 2 < 0). This result is not surprising as in this limit, the neutron stars behave like standard point sources.
The force between neutron stars can be attractive or repulsive. To see this, note that for every solution θ 1 (r), there is a second solution θ 2 (r) = −θ 1 (r) that also satisfies equations 2.1. At long distances, this means that q 1 = −q 2 , resulting in a repulsive force.
The result can be easily extended to the case where D 1/m a r NS 1/m T . In this limit, the axion potential outside a neutron star will be approximated as V a ≈ m 2 a a 2 /2, which makes the axion field exponentially small at distances D > 1/m a . The potential energy between two neutron stars becomes V = −q 1 q 2 e −maD /4πD, the standard Yukawa potential.
The strength of the force between two neutron stars due to axions compared to newtonian gravity is therefore, neglecting the exponential factor,
where M pl is the reduced Planck scale. The asympotic value of q/4π ∼ π can be found numerically assuming that the neutron star is much larger than the size of the tachyonic mass. This suggests that, for an ordinary neutron star equation of state, f a ≈ M pl /10 would lead to an axion force as strong as gravity, as shown in figure 2. Long range forces between neutron stars can be probed by measurement of neutron star-pulsar and double pulsar binaries. Forces comparable to or stronger than gravity with range as long as roughly a light second are excluded by existing measurement of the Hulse-Taylor binary [27] and PSR J0737-3039 [28] (see, for example, [29] for a detailed review). Forces with a strength as small as 10 −6 that of gravity can be probed with current and future measurement of these binary systems, potentially closing the gap between the solar constraint and existing binary system measurement at low masses (see figure 6 ). Determining the exact constraint one gets from the measurement of these binary systems depends on neutron star equation of states, and requires a dedicated analysis of the orbital evolution, which we leave to future analysis. The generalization to the case where 1/m a D r NS 1/m T is less obvious. In this case, the force between two neutron stars is analogous to a calculation of the force between conductors in classical electromagnetism, where image charges are introduced to maintain a spherical equal-potential surface. The method of image charges can also be used to find the potential energy of the system as a function of the distance d between the two neutron stars. When the axion field value in the two neutron stars is the same, as the neutron stars get closer, the image charge required to maintain a constant potential θ on the surface of a neutron star becomes more negative, and the energy of the system decreases. In this case, the force between the neutron stars mediated by the axion is attractive. On the other hand, if the axion field values inside the two neutron stars are different, the force between the neutron stars is repulsive. The exact distance dependence of the force is shown in figure 3 . The repulsive force becomes stronger at shorter distances compared to the force between point-like objects, while the attractive force becomes weaker.
In a neutron star merger event where the force mediated by the axion is weaker than gravity, the additional axion force shows up as an anomalous weakening of the attraction between neutron stars as they approach each other throughout the inspiral phase. The effect Figure 2 . The strength of the axion force between two neutron stars compared to the gravitational attraction as a function of the axion decay constant f a with a vanishing axion mass. The blue shaded region are regions of parameter space that are allowed after taking into account constraints on the neutron star equation of state. The upper and lower blue solid lines come from the maximal and minimal allowed neutron star radius-mass-ratio, respectively. The red dashed line marks the maximal f a above which the neutron star is not dense enough for our effect to take place. The ratios between the attractive (blue curve) and repulsive (red curve) forces mediated by the axion to the corresponding forces between point sources. At short distances, the attractive force is weaker than the forces between point sources while the repulsive force is stronger than the forces between point sources.
of the axion force slowly turns on as the neutron stars inspiral, contrary to the deviations from post-Newtonian results due to distortion of the neutron stars studied in [30] , which will dominate when the neutron stars are less than ∼ 40 km apart (see [31] for a detailed review). The most general case where 1/m D ∼ D r NS 1/m T cannot be treated analytically and will be examined in future work.
Observational consequences for Advanced LIGO
The axion force between neutron stars discussed in the previous sections can be tested at Advanced LIGO. In this section we calculate how the signal-to-noise ratio (SNR) of neutron star inspirals depend on the existence of a new force, assuming that precise waveforms of the gravitational wave emission with the axion force will become available. Numerical work will be important in determining the details, but the qualitative effects can be seen using simple analytic expressions.
Before we get into a detailed calculation of several specific examples, let us first summarize the main changes to the neutron star inspiral that leads to changes to the waveform. The additional attractive or repulsive force mediated by the axion, as well as the radiation of axions, will change the rotational frequency of an inspiral as well as how the rotational frequency changes with time. These changes will lead to changes to the amplitude of the gravitational wave as well as the quality factor of the gravitational wave. Additional scalar Larmor radiation increases the change in frequency and thus decreases the quality factor, making the signal less visible. The additional force affects both the amplitude and quality factor, and therefore, depending on the strength, range and sign of the force, the final effect might be rather different. In the following, we will use a few special cases to explain how the SNR depends on the strength and range of the force for both attractive and repulsive forces
We can estimate the rough behavior of inspiral phase of the neutron stars by using Newtonian mechanics with gravitational quadropole radiation and scalar Larmor radiation (See appendix B for a derivation of scalar Larmor radiation), as well as radiation reaction. We take the inspiral to proceed as circular motion with radiation resulting in a timedependent radius. In particular, we solve the system of equations
with
where µ =
is the reduced mass, and p = q 1 r 1 − q 2 r 2 is the equivalent of a dipole moment. The orbital frequency ω and inter neutron star distance D are both time dependent functions. Note that in this calculation, we are using the Yukawa approximation for the force. This assumption is valid as most of the statistical significance of the inspiral is obtained when r NS /D 0.1.
From this Newtonian approximation, we can derive the form of the gravitational waves seen by Advanced LIGO. Ignoring red-shift factors, the gravitational waves have the form Figure) The dependence of the total SNR on the charge q with a massless axion. The charge of the neutron stars is assumed to be the same while the masses are assumed to be 1 and 1.1 solar masses. The different masses are chosen to ensure that the scalar dipole moment does not vanish. The blue dotted curve is a new attractive force while the red dashed curve is a new repulsive force. We see that repulsive interactions make the neutron stars harder to detect while attractive interactions make them easier to detect. (Right Figure) The dependence of the total SNR on mass of the axion. As before, we choose a 1 and 1.1 solar mass black hole with charges ±1 so that the asymptotic result when m a → 0 matches the figure on the left. As the range of the force approaches to the 100 km scale, the attractive (repulsive) interaction goes from being more (less) visible than normal neutron stars to being less (more) visible.
where θ i is the inclination of the system relative to the observer (for simplicity we will set it to 0 for the rest of the paper) and r is the distance to the source. The Fourier transform of the gravitational wave can be calculated using the stationary phase approximation and is
The frequency of the gravitational wave is related to the frequency of orbit by w = πf , as expected from quadropole radiation. Assuming an optimal filter, the total SNR can be calculated to be
where S n (f ) is the one-sided power spectral density. When estimating the SNR, we use the projected sensitivity of Advanced LIGO [32] . In our calculations, we only use the inspiral phase of the neutron star merger as the merger itself requires careful numerical simulation. What is of interest is whether the new axion force makes the merger of neutron stars more or less visible. Figure 4 shows the total SNR as a function of the effective charge q and axion mass and compares it to the total SNR of the same neutron stars with no charge.
Two competing effects lead to the structure seen in figure 4 . At a fixed frequency, the SNR of the gravitational wave is proportional to the radius to the fourth and inversely proportional toω. If a new attractive (repulsive) force is present, then the radius increases (decreases). This increase (decrease) in the amplitude of the gravitational waves can be naturally understood as the neutron stars moving faster (slower) than they would have without the new force. The new attractive (repulsive) force also decreases (increases) the quality factor Q ∼ w/ √ω by increasing (decreasing) the amount of radiation, both gravitational and scalar, being emitted by the system, reducing the amplitude of the gravitational wave. When m a = 0, the effect of the change in radius is a larger effect so that an attractive (repulsive) force results in an enhanced (diminished) SNR. As m a varies away from zero, scalar Larmor radiation turns off as the mass becomes larger than the orbital frequency (a lesser effect), and the axion force deviates more from a 1/r 2 form, both making the radius more dependent on m a thanω is. As a result, when m a approaches some critical value depending on the charge of the neutron star (see figure 4 for an example), the effects flip sign and an attractive (repulsive) force results in a diminished (enhanced) SNR.
In the case where the axion force is weaker and comparable to gravity, there are two main observable features that distinguish our axion force from general relativity as well as some of its extensions [33] [34] [35] (aside from the fact that such an effect only happens in a neutron star inspiral). Firstly, as the inspiral radius reaches the Compton wavelength of the axion 1/m a , the axion force ceases to be exponentially small and significantly change the frequency of the orbital rotation. In particular, in the case of a repulsive force, this might lead to a decrease of orbital frequency over time, which does not happen in general relativity. Secondly, when the orbital frequency becomes comparable to m a , scalar Larmor radiation turns on, which leads to an increase ofω that cannot be accounted for by the back-reaction of the gravitional wave emitted. The merger phase of these events may be even more drastic than the inspiral phase as indicated by the super-emitting binaries of Ref. [36] .
A more exotic case is when the new repulsive force is stronger than gravity (see figure 5 for the evolution of frequency as a function of time). Rather than merge, the two neutron stars inspiral until r ∼ 1/m a and then reach their equilibrium positions where gravity balances the stronger but Yukawa-suppressed axion force. In this case, the total SNR can become significantly enhanced as the quality factor Q becomes very large. At some point in the orbit,ω goes through zero and Q diverges. Then one must go beyond the gaussian approximation when using the stationary phase approximation (see appendix C). Solving equation 3.1 numerically gives the naive estimate that the total SNR in this case can be enhanced by as large as O(100). However, since the GW emitted in this case has very different waveform compared to GW emitted from a neutron star merger, a careful numerical study of the waveform beyond our crude estimate is especially vital in this case in order to compare with data.
The most exotic case is when the axion mediates a repulsive force that is comparable to and slightly weaker than gravity. In this case, when the two neutron stars become very close, the repulsive force can become stronger than gravity due to deviations from 1/r 2 forces at short distances (see figure 3 ). Though such a behavior is very unique to our scenario, it is already in the regime where a dedicated numerical analysis is required as the neutron stars are very close to each other. We will leave this case to future analysis. Figure 5 . Angular frequency as a function of time for a pair of inspiraling neutron stars where the axion force is stronger than gravity and repulsive. The black dashed curve shows the result for uncharged neutron stars while red shows the result for neutron stars with a charge. The frequency increases until the radius of the orbit is r ∼ 1/m a , where the repulsive force turns on and the frequency starts to decrease.
Constraints from other measurements
Just as the axion can be sourced by neutron stars, it can also be sourced by other compact stellar objects such as the earth, the sun, red giants and white dwarfs. Due to the much smaller density of these objects compared to the neutron star, the axion potential needs to be proportionally more tuned. However, since we have a good understanding of the composition and spectroscopy of these objects, we can put constraints on a wide range of allowed axion parameter spaces.
Similar to the neutron star case, when the axion is light, the large densities inside a stellar object can also change the sign of the axion potential and source an axion field with θ ∼ π inside the stellar object and a profile
outside, where r S is the radius. This relation holds as long as the density and radius of the stellar object obeys
The physical properties of nuclear matter will change dramatically in a medium with a large θ-angle. An O(1) θ-angle will lead to changes to the masses of the pions, the mass difference between the proton and the neutron, as well as the mass spectrum of stable nuclei. A simple rule of thumb is that if θ = π then one can simply treat the up quark mass as negative so that the pion mass decreases and the proton neutron mass difference increases (see e.g. [37] for details). These changes can be observed by current and future measurements of stellar objects with various densities and sizes. The constraints are summarized in figure 6 and discussed below.
Direct observable consequences
If the axion is sourced on earth or by a nearby stellar object, then direct observables on earth can be used to exclude it. QCD theta angle that is not extremely close to 0 or ±π is Figure 6 . The existing constraints on the axion parameter space due to observations of various stellar objects in the universe. The blue shaded region and the red shaded region are excluded by direct measurements of the earth and the sun, respectively. The region above the dotted brown line and the dotted purple line are parameter spaces that can be probed by indirect measurement of the white dwarf and neutron star, respectively. The exact location of the neutron star line depends on the mass-radius relation of the neutron stars [38] . The gray shaded region is excluded by SN1987A while the orange shaded region is excluded by blackhole superradiance measurements [39, 40] . The purple shaded region is an conservative estimate of the exclusion by measurement of orbital decay of binary pulsar systems (axion force not stronger than gravity). The black dot-dashed line shows the constraint from BBN on the axion parameter space if the axion is the dark matter in the universe [24] . The solid black line marks the coupling-mass relation that matches the QCD axion, while the dotted gray line marks the value of the reduced planck scale M pl . The region to the left of the orange superradiance constraint can potentially be tested with future LIGO measurements of neutron star mergers.
excluded by various measurements of eDMs. A QCD theta angle of π instead of 0 on earth is excluded, for example, by measurements of the pion masses. In the chiral Lagrangian with the limit m s m d and m u , it can be shown that various sums and differences of pion masses are proportional to m u so that its sign can be determined to be positive. Lattice simulations at θ = π would be needed to show that higher dimensional operators do not spoil this argument. These simulations do not exist due to technical difficulties; however, it seems reasonable to believe that higher dimensional operators are suppressed by appropriate powers of 4π as they are around θ = 0. Similarly, measurements of neutron proton mass difference, as well as masses of various nucleus, disfavors θ ∼ π on earth. Moreover, we have done many dedicated experiments searching for nuclear eDM. The null result from these experiments constrains the QCD θ-angle on earth to be within 10 −10 of either 0 or π [8] . If the earth did source the axion, finite radius corrections would result in deviations from θ = π larger than 10 −10 .
Similarly, a theta angle of O (1) is excluded inside the solar core. The main factor here is that the proton-neutron mass difference will increase by ∼ 10 MeV if θ π. If this were the case, then the proton-proton chain reaction in the sun would not be as efficient due to the inability to form deuterium inside the solar core. Additionally, the Borexino experiment sees the neutrino line coming from inside the sun with an energy ∼ 862 keV due to the Be 7 -Li 7 mass difference [41] . If the proton-neutron mass difference increased by 10 MeV, this reaction would not occur as Li 7 would be heavier than Be 7 when θ ≈ 1 inside the sun.
Indirect observable consequences
In the earth and sun, we can directly measure the properties of the nucleus through pion masses, eDMs or the neutrino spectrum from beta decay, respectively. For most stellar objects in the universe, however, there are no direct measurements of their nuclear properties. However, we can infer from indirect observations of their surroundings that the nuclear properties cannot be very different.
As an example, consider red giants, which are responsible for most of the carbon in the universe. Because carbon is created resonantly through the triple alpha process, varying θ can vary the amount of carbon in the universe. Requiring that carbon abundance of the universe was reproduced excludes θ 10 −3 in red giants [37] .
Another type of indirect measurements appertains the X-ray emissions from the surroundings of compact stellar objects. Accreting white dwarfs and neutron stars have an X-ray emission spectrum that reveals the chemical composition of the matter around the respective stellar object. The existence of Oxygen, Nitrogen, Neon and, most importantly, Iron on the surface of white dwarfs and neutron stars can be established through measurements of the X-ray emission of their corresponding ion (see [42] and reference within). An Iron-rich environment is in good agreement with the common lore that Fe 56 is the most stable nucleus when θ is small [43] . However, when the θ π, mostly due to a much larger neutron-proton mass difference [37] , Co 56 will be lighter than Fe 56 by ∼ 5 MeV and Fe 56 , if once abundant, would have decayed to Co 56 in roughly a few hours through β-decay.
The observation of Fe Kα line combined with the non-observation of the corresponding Co X-ray emission would suggest that θ cannot be O(1) in the surroundings of white dwarfs and neutron stars in an X-ray binary. It is clear that these consequences from indirect observations of X-ray emission of either the white dwarfs or the neutron stars require a good understanding of nuclear properties when θ ∼ 1, atomic-nuclear reactions in extreme environments near a neutron star, as well as the density profiles near white dwarfs or the neutron stars. Dedicated X-ray measurement, as well as more careful theoretical studies, are required to establish a vanishing θ angle near either white dwarfs or neutron stars, which is beyond the scope of this paper.
It should be noted that the axion discussed in this paper can also influence the evolution of stellar objects. The axion field profile evolves during the formation of compact objects, e.g. white dwarfs and neutron stars, and might change their evolutionary history thereby changing their number and mass distributions. There may even be potentially observable consequences during, in particular, supernova explosions. The understanding of the evolution of these systems require dedicated analyses and simulations, which we leave to future work.
Cosmological considerations
In this subsection, we will discuss the cosmological evolution of the light axion. The available parameter space for the axion strongly depends on whether the non-QCD part of the axion potential was present during the early universe evolution. If the potential was always present during the evolution of the early universe, the axion will roll down the potential at high temperature, resulting in θ = π when the QCD contribution to the potential turns on as the universe cools down. In this case, cosmological considerations would require a reheating temperature T RH 1 GeV so as to avoid overclosing the universe. However, if the non-QCD part of the potential was not yet on, or only partially on, during the QCD phase transition, then θ = 0 can potentially always be a minimum and there is no constraint on the viable reheating temperature. 4 Similarly, measurements of Big Bang Nucleosynthesis (BBN) might put a constraint if the non-QCD part of the potential was present during BBN. The nuclear density during BBN is
Such a nuclear density is about two order of magnitude smaller than the density of the solar core. Therefore, the constraints from BBN would be at best comparable to or weaker than the constraint from the sun if the non-QCD potential was always present.
Conclusions and future directions
In this paper, we have shown how the axion can mediate a new long range force between neutron stars that can be as strong as gravity, and therefore can be tested with Advanced LIGO and future gravitational wave detectors. The axion force considered in this paper evades standard fifth force constraints as it is sourced only by neutron stars, and similar large objects with high density. A new force between neutron stars is exciting because the discovery of black hole mergers is ushering in a new era of data and neutron star mergers will likely be discovered as well by Advanced LIGO.
The axion force has multiple surprising features. The first is that the more weakly coupled the axion, the stronger the force it mediates between neutron stars. The second is that this force can be either attractive or repulsive, which is not expected since scalars and pseudo-scalars typically mediate attractive interactions. Finally, when the finite size of the neutron star is taken into account, the repulsive force grows faster than 1/r 2 so that even a force slightly weaker than gravity at long distances might eventually cause the neutron stars to repel each other at short distances.
As a result of the above mentioned features of the axion force, there are many striking signatures that can be searched in Advanced LIGO and future gravitational detectors. Axion force and radiation can change both the amplitude and the quality factor of the gravitational radiation, leading to significant changes to the GW waveforms. Moreover, in cases where a repulsive axion force is stronger than gravity at short distances, neutron stars would not be able to merge even after long periods of inspiral and lead to gravitational waves with qualitatively different waveforms.
We also considered several other large and dense objects that can source the axion. Direct observations of stellar objects close by, e.g. the earth and the sun, excludes large part of the axion parameter space. Much denser objects, for example, white dwarfs and neutron stars, might provide valuable new information about the axion parameter space.
The behavior of the axions discussed in this paper is similar to the case of spontaneous scalarization [44] . In brief, spontaneous scalarization is a similar effect that occurs with a dilaton-like scalar. Due to the coupling of the dilaton squared to T µ µ , if the dilaton has been tuned to be light, then finite density effects can push the dilaton away from the origin resulting in a force between neutron stars. The salient difference between the dilaton and axion models is that the axion model is significantly less tuned. Density plays a critical role in other forces such as Chameleons [45] and Symmetrons [46] . In these other examples density serves to screen the force so as to avoid fifth force constraints.
Finally, there are many future directions. Numerical simulations are clearly needed to search for our effect at Advanced LIGO and future gravitational wave detectors, in particular for regions of parameter space which are not under analytic control. In this paper, we have already shown how various regions of the axion parameter space have already been excluded by measurement of particle properties, as well as optical and neutrino signatures. It would be interesting if this could be extended to denser objects like the white dwarf and neutron stars, leading to new and exciting approaches towards discovering the axion.
A Axion potential at finite density
We briefly review the results of [47] . It is straightforward to apply these results to the axion. We assume that we are dealing with non-relativistic matter made of neutrons and protons. The axion potential comes from the quark mass terms. At finite density, the quark mass terms are changed by where n n,p is the number density of neutrons and protons. An analogous formula holds for down-type quarks. These results can be applied in a straightforward manner to the axion potential by defining
and using the effective up and down quark masses when calculating the axion mass. As this formula is rather messy, we give the result in the limit where m u = m d in equation 1.5.
B Scalar Larmor radiation
In this section, we calculate the Larmor radiation for the axion for inspirialing neutron stars. We will approximate the axion potential by just its mass term and again work in the limit where the neutron stars can be approximated by point-like particles. We are interested in the flux of energy away from a pair of neutron stars moving in a circle. The power emitted is
where we assume that the neutron stars are undergoing motion with a period of T. As the neutron stars behave as point-like objects, we can find the axion field by treating them as a source (j = q eff dx µ dt dxµ dt δ 3 (x − x 0 )) so that the axion profile can be solved in fourier space by In the limit of a massless axion, this is a factor of four smaller than the standard expression for gauge bosons.
C Fourier transform of the gravitatioanl wave
In order to determine the SNR of a gravitational wave, one needs a simple analytic calculation of |h 2 (f )|. As is typical, one takes the Fourier transform of the gravitational wave using the stationary phase approximation. We are most interested in the case whereω can go through zero so that higher-order corrections must be included. Taking the gravitational wave to be h(t) = A(t) cos 2ω(t)t, we have the Fourier transform h(f ) ≈ dt A(t) 2 e i(2πf −2ω(t))t ≈ A(t ) 2 dte −iω(t )t 2 ≈ A(t ) 2
,
where one is evaluating everything around the point in time where πf = ω(t ). In this result, we have utilized the fact that log A(t) is a slowly changing function of time. As shown in section 3, if the repulsive force is stronger than gravity,ω goes through zero and one must series expand ω(t) to higher order such that h(f ) ≈ dt A(t) 2 e i(2πf −2ω(t))t ≈ A(t ) 2 dte In order to interpolate smoothly between these two quality factors asω becomes small, we use the approximation that
